Primary cultured rat aortic vascular smooth muscle cells (VSMCs) were exposed to different intensities of low-frequency electromagnetic fields (LFEMFs) at 20, 40, and 60 mT for different time periods (10, 20, and 30 minutes). Furthermore, osteopontin (OPN) mRNA and protein expressions were determined by reverse transcription-polymerase chain reaction (RT-PCR) and Western blotting, respectively. Matrix metalloproteinase-2 (MMP-2) activity was measured using gelatin zymography. The results showed that the OPN mRNA and protein expressions and MMP-2 activity of VSMCs were inhibited by exposure to LFEMFs of different intensities in a dose-dependent manner (P < 0.05) but not in a time-dependent manner. In conclusion, exposure to LFEMFs of appropriate intensity for a suitable time period can result in the inhibition of the OPN expression and MMP-2 activity of VSMCs, indicating the potential prophylactic and therapeutic effects of LFEMFs on restenosis (RS) following percutaneous coronary intervention (PCI). (Int Heart J 2008; 49: 597-604) Key words: Vascular smooth muscle cells, Low-frequency electromagnetic fields, Osteopontin, Matrix metalloproteinase-2 THE major limitation of percutaneous coronary intervention (PCI) is restenosis (RS). 1) RS is considered to be an overreaction of the natural healing process after vascular endothelial injury induced by balloon dilatation. The mechanism of RS is very complex. Recent studies have revealed that osteopontin (OPN) and matrix metalloproteinases (MMPs) play important roles in this mechanism. 2,3) The adhesion, proliferation, and migration abilities of vascular smooth muscle cells (VSMCs) are closely related to their phenotypes. Under normal conditions, VSMCs express as a contractile phenotype and do not have adhesion, prolifera-From the
tion, and migration abilities. Under the effects of various stimulating factors, they undergo a transition from the contractile to a synthetic phenotype; this phenotype is essential for the adhesion, proliferation, and migration of VSMCs. 4) Differential display technology has proved that OPN is a marker of VSMC phenotype conversion. Its expression can decide the VSMC phenotype. There is a cell adhesion molecule with a primitive amino acid sequence, which can combine with the integrin receptor on the surface of the VSMC and facilitate the adhesion, proliferation, and migration of VSMCs. The migration of VSMCs from the media to the intima requires not only OPN mediation but also extracellular matrix degradation. MMP-2, which is synthesized and secreted by VSMCs, is a key enzyme involved in matrix degradation. 5) It can specifically degrade the main collagen component, ie, collagen IV of the basement membrane of the arterial wall and is essential for the migration of VSMCs from the basement membrane barrier to the intima; MMP-2 also plays a role in neointimal hyperplasia and vascular remodeling by regulating matrix degradation. Many growth factors and cytokines may interfere with the adhesion, proliferation, and migration of VSMCs by affecting OPN expression and MMP activity, resulting in atherosclerosis and RS. 6, 7) At present, little is known about the effect of low-frequency electromagnetic fields (LFEMF) on OPN expression and MMP activity.
LFEMFs have a number of well-documented biological effects on cells and tissues, including their influence of gene transcription and translation and changes in transmembrane signal transduction. 8) Our previous study 9) showed that appropriate LFEMFs could inhibit the migration and proliferation of VSMCs. However, the mechanism underlying this effect is still unclear. Whether LFEMFs interfere with the adhesion, proliferation, and migration of VSMCs by affecting the expression of OPN and activity of MMP has not yet been reported. In this study, we observed the effects of LFEMFs of different intensities applied for different time periods on the OPN expression and MMP activity of primary cultured rat aortic VSMCs, and we evaluated the potential prophylactic and therapeutic effects of LFEMFs with regard to RS.
METHODS

Primary cell culture:
Male adult Sprague-Dawley rats weighing 200-250g were purchased from the Experimental Animal Center, Fourth Military Medical University (Xian, China). Rat VSMCs were isolated and primary cultured. Briefly, the thoracoabdominal aorta of the rats was excised, placed in ice-cold DMEM medium, and cleaned of periadventitial tissue. The tissue was cut into 1 × 1 mm 2 sections and transferred to a 24-well plate containing 10% FBS-DMEM medium. The cells were trypsinized for passage when they had grown to confluence. The cells were identified as VSMCs based on their typical "hill and valley" morphology and staining pattern. Groups and LFEMF exposure: VSMCs at the logarithmic growth phase were trypsinized to a single cell suspension and transferred to a 6-well plate. After the cells reached confluence, the medium was replaced with serum-free DMEM and the cells were incubated for 24 h for synchronization. The cells were then randomly divided into control (no exposure to LFEMFs) and exposure groups (exposed to 20, 40, and 60 mT magnetic fields for 10, 22, and 30 minutes, respectively). Artificial magnetic fields were produced using a PK-2 model Pulse Magnetizer (Shuzhou, China) at 50 Hz. All groups were maintained under the same conditions and the experiments were repeated 3 times. Reverse transcription-polymerase chain reaction: Total RNA was extracted using TRIzol reagent according to the manufacturer's instructions, dissolved in diethylpyrocarbonate-treated water, and quantified using a spectrophotometer. The primers were designed according to the published sequences as follows: OPN primers: sense, 5'CAA GGA GTA TAA GCAGAGGGC CA 3' and antisense, 5'ACT CTT AGG GTC TAG GAC TAG CTT3'; G β -actin primers: sense, 5'GGT ATG GGT CAG AAG GAC TCC3' and antisense, 5'TGA TCT TCA TGG TGC TAG GAG CC3'. For cDNA synthesis, 9 µL of total RNA (5µg) was mixed with 1 µL of 1 mM Oligo dT, OPN, and β -actin antisense primers and then heated at 70°C for 10 minutes and then cooled on ice. Then, 2 µL of 10 × RT buffer, 2 µL of 25 mM MgCl 2 , 1 µL of 10 mM dNTPs, and 2 µL of 0.1 M dithiothreitol (DTT) were added to the RNA/primer mixture followed by incubation at 42°C for 5 minutes; 1 µL of SuperScript II was then added to the reaction mixture followed by incubation at 42°C for 60 minutes. The PCR mixture (50 µL) contained 2 µL RT products, 5 µL of 10 × PCR, 1.5 µL of 50 mM MgCl2, 1 µL of 10 mM dNTPs, and 0.5 µL Taq polymerase. The PCR conditions were as follows: predenaturation at 95°C for 3 minutes; followed by 30 cycles at 95°C for 30 seconds, 56.5°C for 20 seconds, 72°C for 45 seconds; and a final extension at 72°C for 5 minutes. The PCR products were separated by electrophoresis in a 1.2% agarose gel followed by ethidium bromide staining. The target bands were analyzed densitometrically using a gel image system (Alpha Innotech Corporation, San Leandro, CA) and LabWorks Image Acquisition Analysis Software (UVP Inc., Upland, CA). The results are expressed as the ratio of the OD values of the PCR products relative to that of β -actin.
For Western blotting, total cellular extracts were obtained by lysing the cells as described previously. 10) Furthermore, MMP-2 activity was measured using gelatin zymography as described previously with some modifications. 11) Statistical analysis: All data are expressed as (x ± s) and were analyzed using the statistical package SPSS 12.0 for Windows. One-way analysis of variance (ANOVA) was used to determine the differences between the groups, and the means of 2 different groups were determined using Student's t test. A P < 0.05 was considered statistically significant. Figure 1 , OPN mRNA was expressed in the control and LFEMF-exposed groups. All PCR products obtained were of the expected size. Compared with the control groups, the OPN mRNA level in each LFEMF-exposed group was significantly decreased (P < 0.05). The differences were significant between the groups that were exposed to a magnetic field of different intensity for the same time period (P < 0.05) but not between the groups that were exposed to same intensity magnetic fields for different time periods (Table I ). The results indicate that LFEMFs inhibit OPN mRNA expression in a dose-dependent but not in a time-dependent manner. Effect of LFEMF on OPN protein expression: As shown in Figure 2 , OPN protein was expressed in the control and LFEMF-exposed groups. Compared with Figure 2 . OPN protein expression in groups exposed to LFEMF. the control groups, the OPN protein level in each LFEMF-exposed group was significantly decreased (P < 0.05). The differences were significant between the groups that were exposed to magnetic fields of different intensity (P < 0.05) but not between the groups that were exposed to those of the same intensity for different time periods (Table II) . These results were in agreement with those for OPN mRNA levels. Effects of LFEMF on MMP-2 activity: Gelatinolytic bands of activity were detected at 72, 68, and 62 kDa by gelatin zymography (Figure 3 ). Based on the molecular weight of MMP-2, the digested bands at 72, 68, and 62 kDa resulted from the MMP-2 activity. Compared with the control groups, the MMP-2 activity in each LFEMF-exposed group was significantly inhibited (P < 0.05). As shown in Table III , the inhibition occurred in a dose-dependent but not in a time-dependent manner.
RESULTS
Effects of LFEMF on OPN mRNA expression: As shown in
DISCUSSION
OPN is a type of acidic glycoprotein. It has subsequently been found to have many functions and is widely distributed in human tissues. While cloning genes associated with neointimal formation in RS, Giachelli, et al 12) found an up-regulated gene, which was found to be OPN by sequencing. Later, its role in vascular remodeling caused by RS, hypertension, etc., after atherosclerosis and PCI and its function in the cardiovascular system were confirmed. 13) In animal models, many cytokines involved in atherosclerosis and RS after PCI can stimulate the over expression of VSMC OPN, indicating that OPN participates in RS formation after PCI. 14, 15) The use of drugs and physical and chemical measures to inhibit or even block the expression of OPN may prove to be a new strategy for the clinical treatment of RS after PCI, atherosclerosis, and hypertension.
MMP-2, also known as the 72-kDa IV collagenase and gelatinase A, is an important member of the MMP family and is closely associated with the cardiovascular system. It is the main enzyme that degrades collagens and plays an important role in collagen metabolism. 16) MMP-2 is very important for the migration and proliferation of VSMCs through the extracellular matrix. There is an increase in the early expression of MMP-2 in model rats, rabbits, and pigs with balloon injury; this increased expression indicates that MMP-2 plays an important role in the migration and proliferation of VSMCs. 17) Magnetic fields act on organisms and induce a series of biological effects, providing a theoretical basis for clinical magnetic therapy. Magnetic fields are mainly applied at a low frequency range and at a DC level. OPN was initially isolated from bone tissue. It plays an important role in the formation and reconstruction of bones. LFEMFs also play an important role in the reconstruction of bones by promoting bone healing. We assumed that a relationship existed between OPN and LFEMFs. The results showed that exposure to LFEMFs of appropriate intensities for suitable time periods resulted in the inhibition of the OPN expression and MMP-2 activity of VSMCs; the inhibition was dose-dependent but not timedependent. These findings reveal the possible mechanism by which LFEMFs inhibit the migration and proliferation of VSMCs and provide a new method and a powerful theoretical basis for the clinical application of magnetic fields in the prevention and treatment of atherosclerosis and RS. However, this new method still requires further discussion. A large-scale multicenter clinical trial is required to perform an objective evaluation of the curative effects of magnetic fields.
